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1. 

ALTERNATING CURRENT MACHINE WITH 
INCREASED TOROUE ABOVE AND BELOW 
RATED SPEED FOR HYBRD/ELECTRIC 

PROPULSION SYSTEMS 

RELATED APPLICATIONS 

This application is a continuation of U.S. patent applica 
tion Ser. No. 12/508,093, filed Jul. 23, 2009, entitled ALTER 
NATING CURRENT MACHINE WITH INCREASED 
TORQUE ABOVE AND BELOW RATED SPEED FOR 
HYBRID/ELECTRIC PROPULSION SYSTEMS, which 
claims the benefit of priority of U.S. Provisional Patent Appli 
cation No. 61/135,788, filed Jul. 24, 2008 entitled “Alternat 
ing Current Machines With Increased Torque (Larger Than 
Rated Torque) Above And Below Rated Speed For Hybrid/ 
Electric Propulsion Applications”. 

FIELD OF THE DISCLOSURE 

The present disclosure relates to electric motors and gen 
erators. In particular, it relates to systems and methods for 
operating Such machines above, at, and below rated machine 
speed and torque, and for operating at multiples of rated 
speed, at rated torque, by compensating for flux weakening. 

BACKGROUND OF THE DISCLOSURE 

Electric drives require for starting (below rated speed), a 
torque which is a multiple of the rated torque, and for higher 
speeds (above rated speed), an increased torque. While the 
first one is required to guarantee a smooth start-up, the latter 
is desirable to warrant Sufficient acceleration torque to 
improve dynamic performance. It is well known that speed 
control—based on (V/f) control—results in a decreasing 
torque above rated operation (T, n., ). 

Rated speed is the maximum speed that an electric motor 
can run at, while also running at a rated torque, continuously 
for a significant period of time without damaging the motor. 
Rated torque is the maximum torque that an electric motor 
can produce continuously for a significant period of time 
without damaging the motor. 

SUMMARY OF THE DISCLOSURE 

The present disclosure relates to systems, method, and 
apparatus for achieving greater than rated operating condi 
tions (e.g., speed, torque, power) in a multiphase electric 
machine. The machine achieves greater than rated operating 
conditions by changing the number of poles and by Switching 
the number of series turns (or inductance) of each phase belt. 

In one aspect, a multiphase inductance-changing and pole 
changing electric machine operable at above rated parameters 
may have a stator having a plurality of phase belts, wherein 
each phase belt comprises two or more coils, a rotor driven by 
currents in the stator, and a control system connected to the 
plurality of phase belts. Each of the two or more coils in a 
phase belt are initially connected in series. The control system 
may be configured to apply an alternating current to the 
plurality of phase belts at a first time and at a frequency equal 
to a first frequency. The first frequency may be below a rated 
frequency (the frequency at which the machine can operate 
continuously without overheating or experiencing any per 
manent damage). The control system may be configured to 
increase the frequency to a second frequency during a time 
period spanning the first time and a second time. The control 
system may be configured to decrease the number of poles at 
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2 
a third time. The control system may be configured to increase 
the frequency to a third frequency during a time period span 
ning a fourth and a fifth time. The control system may be 
configured to decrease the inductance of the plurality of phase 
belts at a sixth time. The control system may be configured to 
increase the frequency to a fourth frequency during a time 
period spanning a seventh time and an eighth time. 

In one aspect, decreasing the number of poles may be 
accomplished by Switching the series connections between 
phase belts to parallel connections. In one aspect, the time 
period spanning the fourth and fifth time periods may be 
minimized without Saturating the machine. In one aspect, 
decreasing the inductance of the phase belts may be accom 
plished by switching the series connection(s) between two or 
more coils in each phase belt to parallel connections. In one 
aspect, the phase belts may be initially connected in a delta 
configuration. To decrease the number of poles, the delta 
configuration may be Switched to a double wye configuration. 
In one aspect, the phase belts may initially be connected in a 
double wye configuration. To decrease the number of poles, 
the double wye configuration may be switched to a delta 
configuration. In one aspect, the phase belts may initially be 
connected in a wye configuration. To decrease the number of 
poles, the wye configuration may be switched to a double wye 
configuration. In one aspect, the second frequency may equal 
the rated frequency. In one aspect, the second time may equal 
the third time. In one aspect the fifth time may equal the sixth 
time. 

In one aspect, a multiphase inductance-changing and pole 
changing electric machine operable at above rated parameters 
may have a stator having a plurality of phase belts, wherein 
each phase belt comprises two or more coils, a rotor driven by 
currents in the stator, and a control system connected to the 
plurality of phase belts. Each of the two or more coils in a 
phase belt may initially be connected in series. The control 
system may be configured to increase the frequency of an 
alternating current applied to the plurality of phase belts 
during a first time period. The control system may be config 
ured to decrease a number of poles in the stator at a second 
time. The control system may be configured to further 
increase the frequency of the alternating current applied to the 
plurality of phase belts during a second time period. The 
control system may be configured to decrease an inductance 
of the plurality of phase belts at a third time. The control 
system may be configured to further increase the frequency of 
the alternating current applied to the plurality of phase belts 
during a third time period. 

In one aspect, the second time period may follow the sec 
ond time (meaning it does not start at the second time, but 
starts after the second time). In one aspect, the third time 
period may follow the third time. 

In another aspect, a method is disclosed for operating an 
alternating current machine at above rated parameters. The 
method may include increasing the frequency of an alternat 
ing current applied to a plurality of stator phase belts during a 
first time period. The method may include decreasing the 
number of poles in the stator at a second time. The method 
may include further increasing the frequency of the alternat 
ing current applied to the stator phase belts during a second 
time period. The method may include decreasing the induc 
tance of the plurality of stator phase belts at a third time. The 
method may include further increasing the frequency of the 
alternating current applied to the plurality of stator phase 
belts during a third time period. In one aspect, the second time 
period may follow the second time. In one aspect, the third 
time period may follow the third time. 
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A machine and method for operating an alternating current 
machine below and above rated speed and torque is disclosed. 
Such a drive using (V-p/f N) control—as taught by this dis 
closure, where Vs V, and NSN, with increased 
torque and speed operation without increasing the machine 
size or weight but increasing the output power rating (e.g., by 
a factor of two) will find applications in the area of hybrid and 
electric drives for automobiles, military vehicles, and wind 
power plants, just to name a few. The principle for this 
extended operating range is based on 1) pole-changing tech 
niques and 2) changing/switching the number of series turns 
per phase N of an alternating current/voltage machine via 
electronic switches or relays and the use of an inverter/recti 
fier Supplying/absorbing power to/from the electric machine 
when operated as a motor/generator. 

The machine in accordance with the present disclosure is 
an AC machine whose pole numbers can be switched (e.g., 
from pole p to polep), and whose number of series turns per 
phase belt N can be switched say from NoN to N=N/2. 
Furthermore, it employs an inverter so that the frequency can 
be changed from a low value (e.g., 5 HZ) to a high value (e.g., 
200 Hz). The high number of poles at low speed (e.g., near 0 
rpm) provides high torque during starting. In order to reach 
higher speeds, the number of poles can be decreased and, 
shortly thereafter (e.g., one second), the number of windings 
per pole can be decreased (increasing flux density and com 
pensating for flux weakening). This decrease in the number of 
turns per pole provides torque that is greater than is possible 
using conventional (V/f) control at high speed (e.g., 5,000 
rpm). In addition, the output power of the motor can be 
increased (e.g., by a factor of two) at high speed in direct 
proportion to the speed increase. This combination of high 
starting pole number, decreased pole number, and then 
decreased number of windings per pole obviates the need for 
mechanical gears. 
The reconfiguration of the stator winding requires signifi 

cantly more than 6 Switches. During transient operation the 
flux density within the machine can be increased above its 
rated value. While traditional (V/f) control can only achieve 
speeds around three times the rated or base speed, the 
(V-p/N) control, herein disclosed, can achieve output power 
at least six times the rated or base speed. The present disclo 
Sure can also increase output power by at least a factor of two 
over traditional (V/f) control. The machine as proposed by 
this disclosure can work both as a motor and as a generator at 
variable speed, due to the pole and number of turns Switching 
and the inverter Supplying currents/voltages at variable fre 
quency. 
The use of pole-changing and number of turns changing 

Supplant mechanical gears, thus requiring less space, causing 
less loss, and resulting in less weight than systems using 
mechanical gears. 

In one exemplary embodiment, the start-up time from 0 
rpm to more than 4 times the base speed may be not more than 
a few seconds. In some embodiments, the inverter input 
power may be Supplied by a battery or another power source. 
The efficiency either as a motor or an alternator in various 
embodiments may be in the 75-95% range depending upon 
the output power rating of the variable-speed drive in accor 
dance with this disclosure. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 shows a torque-speed characteristic of a wind tur 
bine Ton, . 

FIG. 2 shows a torque-speed characteristic of an electric 
motor at speeds from Zero to three times rated speed (3n). 
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4 
FIG. 3 shows a torque-speed characteristic of an electric 

motor at speeds from Zero to six times rated speed (6n) and 
taking advantage of the increased torque resulting from a 
reduction in the number of turns (e.g., N, to N/2) at 
speeds above 2n. 

FIG. 4 shows a plot of measured electric motor drive speed 
(y-axis) in terms of time (X-axis) with a pole number change 
from p to p and from p to p (one horizontal division 
corresponds to 200 ms: one vertical division corresponds to 
800 rpm). 

FIG. 5 shows speed-torque characteristics for the starting 
characteristic and characteristics 1-4 corresponding to four 
operating regions described in the disclosure. 

FIG. 6 shows 3 speed-torque characteristics between the 
starting characteristic and characteristic 1 of FIG. 5. 

FIG. 7 shows speed-torque characteristic 1 and 2 of FIG. 5. 
FIG.8 shows 4 speed-torque characteristics between char 

acteristic 2 and 3 of FIG. 5. 
FIG.9 shows 3 speed-torque characteristics between char 

acteristic 3 and 4 of FIG. 5. 
FIG. 10 is an example of a frequency-time diagram show 

ing six operating regions of the present disclosure. 
FIG. 11 is an example of a speed-time diagram showing six 

operating regions of the present disclosure. 
FIG. 12 illustrates two 3-phase stator winding diagrams for 

an embodiment of the p-pole configuration, delta (A), and 
the p-pole configuration, double wye (Y). 

FIG. 13 illustrates an embodiment of a p pole configura 
tion (N, 8-pole, A). 

FIG. 14 illustrates an embodiment of a p pole configura 
tion (N, 4-pole, double Y). 

FIG. 15 illustrates terminal leads of phase belts for the 
embodiments illustrated in FIGS. 13 and 14. 

FIG. 16 illustrates a 3-phase current diagram with a rotat 
ing time axis. 

FIG. 17 illustrates a plot of magneto-motive force 
(“MMF) for the FIG. 13 winding configuration. 

FIG. 18 illustrates a plot of MMF for the FIG. 14 winding 
configuration. 

FIG. 19 illustrates a first view of a first embodiment of a 
winding configuration. 

FIG. 20 illustrates a second view of the winding configu 
ration illustrated in FIG. 19. 

FIG. 21 illustrates a first view of a second embodiment of 
a winding configuration. 

FIG. 22 illustrates a second view of the winding configu 
ration illustrated in FIG. 21. 

FIG. 23 illustrates phase A of a third embodiment of a 
winding configuration. 

FIG. 24 illustrates phase B of the third embodiment of a 
winding configuration. 

FIG. 25 illustrates phase C of the third embodiment of a 
winding configuration. 

FIG. 26 is an oscilloscope readout showing current versus 
time, and created by the winding configuration illustrated in 
FIGS. 21 and 22. 

FIG. 27 is an expanded view of the startup region of the 
oscilloscope readout of FIG. 26. 

FIG. 28 is an oscilloscope readout showing the startup 
region, and the Switch from N to N occurring many seconds 
after the Switch from p to p. 

FIG. 29 is an oscilloscope readout showing the startup 
region, and the Switch from N to N occurring around one 
second after the Switch from p to p. 

Aegie 
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FIG. 30 is an oscilloscope readout showing voltage versus 
time for a generator (upper trace) and a rectifier (lower trace), 
and created by the winding configuration illustrated in FIGS. 
21 and 22. 

DETAILED DESCRIPTION 

Reference will now be made in detail to the accompanying 
drawings, which at least assistin illustrating various pertinent 
embodiments and aspects of the present disclosure. The pres 
ently disclosed electric machine can be used as a motor fed by 
an inverter, or generator feeding a rectifier. 

For the purposes of this disclosure, an electric machine 
comprises a stator and a rotor, where the stator is stationary, 
and alternating currents (AC) in phase belts of the stator drive 
the rotor to rotate (in the case of a wind turbine or in a car 
configured to generate energy from braking the rotor turns 
and generates currents in the stator). When an alternating 
current (AC) is passed through the phase belts of the stator, 
the changing current induces a magnetic field that inductively 
couples to the rotor. For the purposes of this disclosure, the 
rotor is a rotating armature of a motor or generator. The rotor 
has either electrically-conductive elements, at least one per 
manent magnet, or neither electrically-conductive elements 
nor at least one permanent magnet. The stator has multiple 
poles, each formed from two or more electromagnets. The 
magnitude of current passed through each electromagnet var 
ies in time so as to create a rotating magnetic field. If the rotor 
has a permanent magnet, then the rotating magnetic field 
drives the permanent magnet of the rotor to rotate and thus 
rotate a shaft that can be connected to the wheels of an engine 
or the blades of a wind turbine, for example. If the rotor has 
conductive elements, but no permanent magnet (e.g., squirrel 
cage configuration), the rotors conductive elements cut 
through the magnetic flux generated by the stator and induce 
currents in the rotor. These currents generate magnetic fields 
that effectively replicate the permanent magnet of the perma 
nent magnet-style rotor. The rotating magnetic field of the 
stator then drives the rotor to rotate and again this rotates a 
shaft that can be used to drive an engine (or when used in 
reverse can be used to generate electrical power). 

For the purposes of this disclosure, a stator is a mechanical 
device consisting of the stationary part of a motor or generator 
in or around which the rotor revolves. The stator includes a 
plurality of stator slots. Stator slots are radially-oriented cuts 
or openings in the stator in which portions of the phase belts 
reside. The pieces of stator between stator slots are herein 
referred to as teeth. 

For the purposes of this disclosure, a “phase belt' is one or 
more turns of conductive wire that pass through a pair of slots. 
A phase belt is also known as an inductor oran induction coil. 
The ends of the wire in a phase belt, referred to as “leads.” can 
be connected to the leads of other phase belts, to a control 
system, or to both. For instance, one lead of a phase belt may 
be connected to the control system while the other lead is 
connected to the lead of another phase belt. The stator teeth 
are made from magnetically permeable material (e.g., iron or 
steel) and thus enhance the magnetic field that is formed when 
current passes through a phase belt. 
A phase belt may comprise a single conductive wire or two 

or more conductive wires. Each continuous conductive wire 
will be referred to as a coil. If there are two or more coils in a 
phase belt, then the two or more coils can be connected in 
series or in parallel. When connected in series any number of 
coils act as if the phase belt were made of a single conductive 
wire. The total inductance of the phase belt, L, is the Sum 
of the inductance of the coils (L. L., ..., L.). 
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6 
Thus the inductance of a phase belt comprising either a 

plurality of coils connected in series or a phase belt compris 
ing a single coil is L. 

However, if any two or more of the coils are connected in 
parallel, then the phase belts total inductance decreases. This 
effect is the same as Summing the total inductance of discrete 
inductors connected in parallel. 

1 
Loal = - I - 

- - - -- ... -- 
L1 L2 

As seen, when coils are connected in parallel, the total 
inductance for the phase belt decreases. 

Since the inductance of an inductor is proportional to the 
number of turns in that inductor, changing the number of turns 
and changing the inductance of an inductor achieve the same 
goal—changing the magnetic flux that can be produced (or 
absorbed) by a given inductor. Thus, for the purposes of this 
disclosure changing the inductance and changing the number 
of turns will be used interchangeably. For the purposes of this 
disclosure, when reference is made to a change in inductance 
or the change in the number of turns, what is meant is that two 
or more coils in a phase belt are Switched from series connec 
tions to parallel connections (or vice versa). In one embodi 
ment, inductance can be altered by Switching series connec 
tions between phase belts, in a given phase, to parallel 
connections. 

For purposes of this disclosure, a “turn” means a single 
wrap or loop of conductive wire. A coil comprises one or 
more turns. 

For the purposes of this disclosure, a “winding” means all 
phase belts in an electric machine. Winding will be used to 
refer to all phase belts in all phases together. For instance, if 
there are three phases, and four phase belts per phase, then the 
winding includes all twelve phase belts and all connections 
between those phase belts. 
A magnetic pole is a region at each end of a permanent 

magnet where the external magnetic field is strongest (the 
strongest magnetic field is actually internal to the permanent 
magnet). Electromagnets also have poles. An electromagnet 
has a similar magnetic field to a permanent magnet, but is 
formed by passing current through a plurality of conductive 
coils (e.g., a phase belt). For the purposes of this disclosure, 
an electromagnet may comprise one or more phase belts. For 
instance, an electromagnet may be one or more phase belts 
connected in series or parallel and positioned in the same two 
stator slots. Alternatively, an electromagnet may be a plurality 
of phase belts connected in series or parallel and positioned in 
four or more stator slots. Like the permanent magnet, the 
strongest field in an electromagnetis found within the bounds 
of the coils. The “external' magnetic field is thus completely 
outside the bounds of the coils. 

For purposes of this disclosure, a pole means one end of an 
electromagnet or group of phase belts having the same polar 
ity. Each electromagnet so formed has a single pole pair 
(North and South). For instance, the North pole of a first phase 
belt and the South pole of a second phase belt positioned 
opposite to the first phase belt in a stator form a single pole 
pair. The number of poles can be changed by Switching the 
phase belts from series to parallel connections and vice versa. 
Thus, when referring to pole changes herein, what is meant is 
changing the number of pole pairs in the stator configuration 
being described. 
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For the purposes of this disclosure, a control system may 
include one or more hardware components or software com 
ponents operating on a computer system. The control system 
may be configured to control a Voltage or current Source and 
the switching network, both of which are connected to the 
stator phase belts. The control system controls not only the 
current and/or voltage applied to the phase belts, but also the 
frequency at which the current and/or Voltage is applied to the 
phase belts. The control system also controls the switches 
which control how the coils are connected to each other and 
how the phase belts are connected to each other. In other 
words, the control system controls the number of poles and 
the number of turns per phase belt. 

To Summarize, this disclosure describes an electric 
machine using a large number of poles at low speeds to 
generate a large flux. Once the machine has begun to rotate, or 
shortly thereafter, the number of poles can be decreased. 
Once the number of poles have been decreased the speed can 
be ramped up further. However, shortly after the number of 
poles have been decreased, the number of turns per phase belt 
can be decreased. This switch to a lower number of phase 
belts should preferably occur immediately after the number 
of poles has been changed. However, to avoid saturating the 
machine, the number of turns should be decreased at least one 
second after the number of poles has been decreased. 

Basic Principle of (V/fN) and (V-p/f) Control 

The induced Voltage E of an alternating current electric 
machine (either motor or generator) is related to the rated 
maximum flux density B, the rated number of series turns 
per phase belt N the radius of the location of the stator 
phase belts R, the active (core) machine length L, the fre 
quency of the Voltages/currents f. and the pole number p by: 

Rated values are those values at which the machine can 
continuously operate at without overheating. 

For rated induced Voltage E, the frequency f and the 
maximum flux density assume rated values. If E<E, then 
the flux density is less than its rated value, and for E>E, the 
flux density will be above its rated value. The latter case 
should not be maintained for Sustained time periods as over 
heating can damage the machine. The following relation 
describes steady-state operation when EsE, and fisf. rated 

= 4.44 B : Nated . 4. R. L. p = constant f 
For f>f the induced Voltage can be at the most E=E, 

and the flux density will be less than its rated value, called flux 
weakening operation. For operation above rated speed, where 
f>f the induced voltage E can be replaced in the above 
formulas by the terminal voltage V resulting in (V/f) control. 
By changing the number of series turns per phase N and the 
pole number p of the machine the flux weakening can be 
compensated for and the machine can be operated at up to the 
rated flux density above rated speed. This results in superior 
performance (e.g., increased torque and increased power). 

For example, it is well-known that the torque-speed char 
acteristic of wind turbines (see FIG. 1) and commonly avail 
able variable-speed generators employing flux (field) weak 
ening (see FIG. 2) do not match because the torque of a wind 
turbine is proportional to the square of the speed, and the 
torque of a variable-speed generator is inversely proportional 
to the speed in the field-weakening region. The same applies 
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8 
to variable-speed drives (motors/generators) of hybrid/elec 
tric cars where the critical (maximum) speed is limited by the 
reduction (from flux weakening) of the developed torque, 
resulting in less than the rated output power. One way to 
mitigate this mismatch is to electronically change the number 
of poles p, or to change the number of series turns per phase 
belt N (e.g., via an application specific integrated circuit 
(ASIC)). The change in the number of poles p can be 
described by the following relation: 

E. p 
-- = 4.44 B : Nated . 4. R. L. f 

where B is the rated maximum flux density at the radius R 
of the machine, N, is the rated number of series turns per 
phase belt, and L is the axial iron-core length of the machine. 

Preferably, the maximum flux density B, of the machine 
at any operation (e.g., start-up, variable-speed operation, 
regenerative braking) should be within the range 0.3 
TsBs 1.1 T. On the one hand, if B is too small, the 
torque will be reduced to an unacceptable low level, the 
machine operation may be sluggish and the desired speeds 
and torques might not be obtained. On the other hand, ifB 
is too large, the machine Saturates and the losses will become 
too large. 
The change of the number of series turns per phase N can 

be described by the following relation: 

E 

w = 4.44 B, 4. R. Lip. 

One can see that decreasing the number of series turns per 
phase N enables a higher frequency without decreasing the 
flux density (e.g., rated flux density B). Hence, decreasing 
N compensates for flux weakening (i.e., flux density can 
remain constant while frequency is increased past the fre 
quency at which flux weakening would normally set in). The 
change of p will similarly affect this (E/f) relationship. For 
example, adding this degree of freedom will permit wind 
turbines to operate under stalled conditions at all speeds, 
generating the maximum possible power at a given speed with 
no danger of runaway. This will simplify the mechanics and 
control of blade-pitch. 

Recall that decreasing the number of series turns per phase 
N is equivalent to decreasing phase belt inductance. In one 
embodiment, where a phase belt comprises two or more coils, 
this can be accomplished by changing the series connections 
between the coils to parallel connections. In another embodi 
ment, this can be accomplished, by changing the series con 
nections between phase belts, to parallel connections. 

FIG. 3 shows a torque-speed characteristic of an electric 
motor at speeds from Zero to six times rated speed (6n) and 
taking advantage of the increased torque resulting from a 
reduction in the number of turns (e.g., N, to N/2) at 
speeds above 2n. The number of stator turns per phase belt 
can be denoted as N. An initial number of stator turns per 
phase belt is No. In FIG. 3 speed (revolutions per minute 
(rpm) or rotational velocity) of the machine is plotted on the 
y-axis and is denoted n. Torque (T) and power (P) are plotted 
on the X-axis. In the illustrated characteristic, as the machine 
accelerates from a speed of Zero to the rated speed, n, the 
torque is constant and is equal to the rated torque, T. This 
avoids exceeding the rated current. However, when the speed 
exceeds the rated speed, n, the torque begins to decrease as 
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field weakening takes effect. At twice the rated speed, 2n, the 
number of stator turns is halved from No to N/2. This 
decrease in the number of turns increases the flux density 
associated with the phase belts and thus compensates for the 
flux weakening. As a result the torque doubles from T2 to 
T. As the machine continues to accelerate the torque 
again decreases due to flux weakening. However, despite this 
decrease, the torque is still greater than it would be were the 
original number of turns, No, still being used. 

Moreover, when torque decreases to a certain point, accel 
eration is no longer possible. For instance, at 3n with the 
original number of turns, No, the torque goes to T/3, and 
hence the engine cannot accelerate very well above 3n. 
because the torque falls below T/3 (although it appears 
that torque goes to Zero at 3n and again at 6n, this is just an 
industry convention, and in reality the hyperbolic curves con 
tinue to extend to higher speeds). Thus, an added advantage of 
the increased torque due to reducing the number of turns is 
that sufficient torque (e.g., twice the torque) is generated at 
high speeds (e.g., above 3n) enabling the machine to accel 
erate beyond the top, or critical, speed (e.g., 3n) of the 
machine using the original number of turns No to an increased 
critical speed (e.g., 6n). 

It should be understood that the values used in FIG. 3 are 
non-limiting. For instance, the starting torque is not limited to 
the rated torque, T. The curvature of the flux weakening 
regions is also illustrative rather than limiting. The number of 
turns can be decreased at any point, not just at 2n. However, 
preferably the number of turns is decreased at speeds above 
where flux weakening sets in. The decrease in the number of 
turns also can be any fraction not just one half. Finally, while 
FIG. 3 only shows a characteristic wherein the number of 
turns is decreased a single time, in other embodiments the 
number of turns can be decreased more than one time in order 
to compensate for flux weakening. 

FIG. 4 shows a plot of measured electric motor drive speed 
(y-axis) in terms of time (X-axis) with a pole number change 
from p to p at and from p to p (one horizontal division 
corresponds to 200 ms: one vertical division corresponds to 
800 rpm). This figure shows experimental verification that the 
change in pole numbers does not interrupt the Smooth decel 
eration (left half of plot) or smooth acceleration (right half of 
plot). At 0s the machine is instructed to run at 4000 rpm. At 
around 20 ms the machine is instructed to run at 600 rpm. The 
actual speed gradually decreases until shortly before 400 ms 
where the pole number is switched from p to p. The speed 
Smoothly decreases through this transition point and contin 
ues until it bottoms out at 600 rpm. The machine is then 
instructed to run at 4000 rpm at approximately 1.02 s. The 
actual speed gradually increases until around 1.5 S where the 
pole number is changed from p to p. The speed Smoothly 
increases through this transition point and continues until it 
tops out at 4000 rpm. 

Overall Design Approach 

An alternating current (I) at a Voltage (V) is passed through 
the phase belts at a frequency f. The Voltage can be measured 
between the lines, or terminals, of the machine rather than 
between one line and ground. Such a measurement is referred 
to as line-to-line Voltage and is labeled V. To increase 
the speed of the machine the frequency fof the current or 
Voltage applied to the phase belts is increased. This generates 
a torque Tand a power P. The result is that the machine rotates 
at a speed n (also known as rotational Velocity or revolutions 
per minute (rpm)). The rated value of any of these is the value 
that the machine can be operated at for extended periods of 
time (steady-state) without the machine overheating or being 
permanently damaged. 
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The machine can be an induction machine, a synchronous 

machine, a permanent-magnet machine, a Switched-reluc 
tance machine, a homopolar machine, or a brushless DC 
machine. In one embodiment, the pole number is changed at 
low speeds while the number of turns is changed at high 
speeds. Increasing the pole number increases torque at low 
speed (around 0 rpm). A decrease in the pole number will 
result in the machine increasing speed without an increase in 
the frequency of the current or voltage which is applied to the 
phase belts. It puts the machine into a different operating 
region wherein an increase in the frequency fgenerates more 
torque than the increase in frequency would generate with a 
larger number of turns. Decreasing the number of turns 
increases the flux density and thus the torque. 
The rated torque T., and the base speed ns can be 

derived as follows. Without changing the pole number or 
number of turns the maximum torque T for frequencies 
fsf, is Written as: 

W 2 3 Erated 
Xi r 

Tina = + 2Cons 

where the synchronous mechanical angular Velocity is: 
(), ()f(p/2)=2J f(p/2), 

and a rotor leakage reactance can be written as follows: 

... (p.2 X = * (p/2) 
N. 

1 
(2Ns. x.). 1.58. f(\lar + Aerdr + Adirii) (2), 

where m is the number of stator phases, p is the number of 
poles, f is the frequency at which the Voltage/current is 
applied to the turns, N is the number of turns per phase belt, 

is a stator turns factor, and N, is the number of rotor phases 
(bars). As A and An are the rotor slot, rotor end 
region, and rotor differential permeances of the rotor leakage, 
respectively. While the dominant part, the slot leakage, is 
independent of p, the end region and differential leakages 
depend to some extent on p. If this influence is neglected, T. 

0 can be written as follows: 
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In other words, T is approximately proportional to the 
number of poles p. 
The rated torque T is obtained from the following rela 

tionship: 
=r. In 2. . Pated Tated on CD, Li'n, 

where C is the utilization factor of the machine, D, the rotor 
diameter, and L, the ideal rotor length. C is nearly indepen 
dent of the pole numberp. The value n can be approximated 
as follows: 

insin, -120fp, 

Substituting this approximation for n into the relationship 
for P gives the following relationship: 

2 120. 
Pated s T. (E) = C. D. L. (?) p/2 p 

As seen, T, is independent of p, provided the influence 
of the phase belt design is neglected. However, this does not 
apply to the maximum torque T. If the influence of the 
phase belt design is not neglected, then the rated torque T. 
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will be different for the p pole (low-speed) configuration and 
that of the p pole (high-speed) configuration, as will be 
discussed below. Neglecting the influence of the phase belt 
design, T. can be defined as follows: Aegie 

l— 2 Trated =Trated =Tratef 

and 

al = Pl bases in rated. 

Traditional machines can maintain rated torque until Volt 
age reaches its rated value V, Above that point the Voltage 
remains constant while the frequency increases thus decreas 
ing the flux density associated with the phase belts. This type 
of machine is described as having V./f control. In the 
instant disclosure, flux weakening is compensated for by 
modifying the number of poles, called (V-p)/f control, or 
decreasing the number of turns, V/(fN) control. In either 
(V-p)/f control or V/(fN) control Vs V rated 

Motor Operation 

FIG. 5 shows speed-torque characteristics for the starting 
characteristic and characteristics 1-4 corresponding to four 
operating regions described in the disclosure. The first oper 
ating region describes operation including and between the 
starting characteristic and characteristic 1 (see FIG. 6). The 
second operating region describes operation including and 
between characteristic 1 and characteristic 2 (see FIG.7). The 
third operating region describes operation including and 
between characteristic 2 and characteristic 3 (see FIG. 8). The 
fourth operating region describes operation including and 
between characteristic 3 and characteristic 4 (see FIG. 9). 

FIG. 6 shows 3 speed-torque characteristics between the 
starting characteristic and characteristic 1 of FIG. 5. 

FIG. 7 shows speed-torque characteristic 1 and 2 of FIG.5. 
The pole number change does not generate Sufficient torque 
to start the machine from a speed of Zero. Instead a rated 
Voltage V, is applied and the frequency f is 
increased from a starting frequency f. to a base frequency 
f. Preferably the starting frequency f. is not too low in 
order to avoid excessive current and Saturation of the mag 
netic components. When the frequency fis between f and 
f, this operating region is referred to as the starting region. 
In the starting region the speed spans 0 rpm to the base speed 
base 
FIG. 8 shows 4 speed-torque characteristics between char 

acteristic 2 and 3 of FIG. 5. The transitional speed-torque 
curves from the natural characteristic 2 to the natural charac 
teristic 3 are depicted in FIG. 8, and flux weakening (V/f) 
control will be employed, whereby the flux densities are 
reduced to below the rated value. FIG.9 shows 3 speed-torque 
characteristics between characteristic 3 and 4 of FIG.5. From 
natural characteristic 3, at an increased (about rated) flux 
density due to N=N=N/2, to natural characteristic 4 flux 
weakening (V/f) control with N=N is performed. It is advis 
able to minimize the speed range between characteristic 2 and 
characteristic 3, as depicted in FIG.8. Note that, in FIG. 8, the 
origin of the speed n/n is not shown. The frequency 
1.5 f has been chosen to clearly illustrate the effect of the 
reduction of the number of turns, but an optimization of the 
dynamics of the drive requires that 1.5 f should be less, 
Say 1.3f. 

FIG.9 shows 3 speed-torque characteristics between char 
acteristic 3 and 4 of FIG. 5. At the natural characteristic 3 the 
number of series turns NoN will be reduced to N=No/2 
by a relay (having normally closed, NC, and normally open, 
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12 
NO, contacts) or electronic switches, thus effectively restor 
ing the flux density to its rated (or larger) value and increas 
ing, therefore, the torque and the output power of the motor— 
due to the reduction of the series number of turns from 
No N, to N=No/2. This increase in torque is about pro 
portional to the ratio (No/N). 
The current drawn at Zero speed is II. As start-up 

occurs the starting current will decrease due to the frequency 
and the associated speed increase, and the motor reaches at 
the base frequency the base speed. 
An example of the above-described machine could com 

prise an electric machine consisting of apole-changing Squir 
rel-cage induction machine with an accompanied reduction 
of the number of stator turns per phase. In order to provide a 
starting torque of T/T-11 (see FIG. 5) the machine 
will start as a p–8-pole machine operating at f-f and a 
line-to-line Voltage of about V, Supplied by the 
inverter, resulting in an increase of the flux density from say 
0.55T to about 1.0T. Assume that T-T is corre 
sponds to the rated torque of the p 4 pole machine, where 
T -3T is then the increase of the pole num 
ber by a factor of two results in T. sales2T tes, and 
the increase of the flux density during starting increases 
T.s by a factor of about (1.0/0.55)=1.82: that is, 
T-3V2:1.82=11 'T is (see FIG. 5). In order to 
increase the operating speed the frequency is increased from 
fift to f. The speed should then increase to approxi 
mately nesne. At this point the machine must change 
from, for example, p=8-pole to p. 4-pole operation. This 
change is initiated by the controller. This change from p to 
p-pole operation causes the machine to speed up to about 
(p/p) n. In order to increase the speed from this point on 
the operating frequency is increased from f. to about (1.1- 
1.5) f. This causes the speed of the machine to increase to 
above (p/p) n. In order to achieve further torque and 
speed increase (e.g., by a factor of 2), the number of series 
turns is reduced from NoN, to N=N/2. Thereafter, the 
operating frequency is increased to a multiple off, which 
results in the maximum desirable speed at a relatively large 
torque (e.g., twice rated torque, T.) compared to the torque 
generated when No-N. 

FIGS. 10 and 11 show the time diagram for frequency 
changes and the resultant change in speed, respectively. The 8 
to 4-pole change occurs at 1.5 seconds and the N-reduction 
occurs between 3 and 3.5 seconds. 
An example of the startup operation of the electric machine 

from 0 to 6,000 rpm follows. Take the base speed of the drive 
to be n 750 rpm. The frequency can be f-f 50 
Hz. The pole configuration p=8 poles. The rated torque 
T is is that of a 4-pole machine (p2 configuration) at 
the rated maximum flux density B, 0.55 T and at the rated 
speed, nrated 4poles 480 rpm. Thus, rated 4poles is approxi 
mately 2n. This example assumes a three-phase induction 
machine with an output power of P, 500 W. This 
results in a rated torque of T is approximately equal 
to 2.7 Nm. The line-to-line voltages of the three-phase 
machine are maintained constant throughout the startup at 
Van V3 V. V3 Voc/(2-v2). For a battery volt 
age—as used in the analysis and experimental verification— 
V,200 V one obtains the motor line-to-line voltage 
V-122.5 V. With these values the startup can be 
described as follows: 
1) At t=0s the speed is 0 rpm (see FIGS. 10,11). Stator current 
frequency and voltage is flof -25 Hz. Stator current 
Ina start." is 15 A (see FIG. 29). Starting torque 
T-Poles-1 1T is (see FIG.S. operating point 
2). The reduction of frequency from f.50 Hz to i 
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fo f. 25 Hz results in an increase of the flux density 
(flux strengthening) by a factor of 2 B-2-B 1.1 T. 
if saturation is neglected. The torque is about proportional 
to the stator current and this starting torque is reflected in 

14 
Blas 2-0.55T, which corresponds to the rated flux 
density and is twice that of the conventional flux-weaken 
ing (V/f) control. This again shows that flux weakening is 
compensated for and the maximum flux density is restored. 

FIG.29: at p. 4 pole and NN, steady-state operation 5 7) Above t-5s the frequency is further increased from flas 
'-14A and at p =8 pole operation dur 

P'=15 A. From this it follows 
that may startup may stead-star." 5/1 .4s 1 1 and 
is not the same as that of the conventional armature (E/f) 
control (an electric machine without pole Switching). 

2) Startup from t=0-1.5 s (see FIGS. 10,11) occurs in the p 
8 pole configuration. The motor increases its speed due to 
the increase of the frequency from f. 25 Hz to 
f50 Hz and the flux density decreases from 
B =Blo -1.1 T to about B 
B, is 0.55 T due to the change of the pole num 
ber from p=8 to p. 4 poles. This is reflected in character 
istic 1 of FIG. 5. The speed is n=750 rpm (see FIG. 11) 
at f 50 Hz, neglecting the slip. rated 

3) Pole switching occurs at t=1.5 s and the pole number is 

In ax Steady-State 
ing start-up I nia Startzip 

8-poiesAI 

nax startzip 

decreased from p=8 to ap-4 at f=50Hz. The speed of rated 

the motor doubles and is now n, is 2n.)s 1.480 
rpms 1,500 rpm at f=50 Hz (FIG. 5, characteristic 2). 
At about 1.480 rpm the rated torque T -2.7 Nm is 
produced at B, 0.55T. The output power corresponds to 
its rated Value P, is 
the conventional armature (E/f) control. 

4) The frequency increase during the period t-2-3.5 s from 
f f 50 Hz to fls 75 HZ corresponding to a speed 
of ns -(75/50): 1,500 rpms2.250 rpm results in field 
weakening operation decreasing the flux density from 
B. l. B, 0.55 T to Bls (50/75):0.55 
T=0.37 T and reduces the torque from its rated value to 
T strated 4poles tO Tiss . (50/75)'Tate, 4tates. The out 
put power at t=3.5s corresponds to the rated output power 
P, as and is the same as that of the conventional 
flux-weakening (V/f) control. 

5) At t=3.5 s the number of series stator turns is reduced from 
NN, to N=N/2, this increases the flux density at 
fiss -75 Hz to Blas 2-0.73 T, which means at 
t=3.5 s—after the number of turns have been reduced by a 
factor of 2 the flux density is larger than the rated flux 
density Bliss SY3.07. T, and the torque increases to 
T -1.33:T''' at f =75 Hz (see FIG. 5, char 
acteristic 3). From FIG. 29 one gathers that the current 
increases by a factor of about 5.0 A/1.4 A=3.57 which 
Supports the increase of the torque depending upon Satu 
ration by a factor of 2 to 4. The output power at f =75 
HZ after the switching of the series turns has been com 
pleted—is at steady state (increasing the flux density by a 
factor of 2), P-P'-No'? s. 2P, i.e., 4tates, which is 
twice that of the conventional flux-weakening (V/f) con 
trol. One can speak in this case of a compensation of flux 
weakening due to the reduction of the number of turns from 
N to (N/2). 

6) From t=3.5-4.5 s the frequency is increased from f.s 75 
HZ to flass=100Hz resulting in a speed of (2n, t)= 
(4,n)=3,000 rpm. At t=4.5 s the torque is 

T4.5s = (O) 1.33 Trated Apoles s Trated 4poles, 

and the output power at t=4.5 s is P'-'Is 
2P, as, which is twice that of the conventional 
flux-weakening (V/f) control. The flux density at t=4.5 s is 

=500W and is the same as that of 
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100Hz to fs=133 Hz and flux weakening sets in (see FIG. 
5, characteristic 4). The speed is ns s(133/100)-2- 

=(5.32 n)=4,000 rpm at rated 4-poies 

100 
Tss = (Star via is 0.75Trated Apoles 

and Bls (100/133)0.55 T-0.41 T, which is twice 
that of the conventional flux-weakening (V/f) control. As 
shown, the machine can be used as a generator charging the 
battery of the power supply (FIG. 5, operating point 4) and 
depicted in FIG. 30 where V, -200V. Note, the 
horizontal axis of the oscillogram is indicated by the arrow 
2 

8) A further increase of the frequency at t=6 s from fs=133 
Hz to say f =200 Hz (not shown in FIGS. 10 and 11) 
increases the speed to n -(200/100) 2-n -6. 
000 rpm based on flux weakening. At the speed of n = 
6,000 rpm the maximum flux density will be 
B, sooo -0.27 T and the torque will be 
Toooo rpm. “0.5 T. s. The output power at 
8-n 4Vn'?'—6,000 rpm will be 
Pout 6,000 *P*-N'-(4-0.5-0.27/0.55)-P - 
P, ... The speed range for (Vip/N-f) control, where 
the rated output power is P, is is twice the speed 
range that a conventional flux-weakening (V/f) control (see 
FIGS. 2, 3) can achieve. 
The starting operation of the motor is transient, that is, the 

motor has to absorb a relatively large current, of multiples of 
the rated current (resulting in large losses), during a few 
seconds. This is acceptable provided the cooling of the motor 
is sufficient (e.g., water cooling). Efficiency considerations 
are deemed to be unimportant during starting; however, maxi 
mum temperature rises are a concern and a thermal analysis 
must be performed. Harmonics area concern as well, because 
the starting procedure involves Switching the number of poles 
from p to p and pulse-width-modulated (PWM) inverter 
operation, and both can result in harmonic torques. 

Generator Operation 

The alternator or regenerative braking operation occurs in 
quadrant II of any of the characteristics 1 to 4 (see FIGS. 5-9). 
Once the machine has gained about the base speed the only 
stringent requirement is an efficiency of between about 
75-95%. At regenerative operation of the alternator the PWM 
inverter acts as a PWM rectifier providing excitation for the 
generator if necessary, and delivering generator power to the 
battery or the power Source at a DC voltage of V. 

Overall Machine Design 

The machine can include phase belts, a controller, and a 
converter (inverter/rectifier). The poly-phase machine design 
is based on machine geometric data and iron-core character 
istics for the stator and rotor. As an example, a machine with 
24 stator slots has been chosen. Other suitable stator slot 
numbers (e.g., 36, 48, 54, 72 etc.) are possible. A 3-phase 
stator winding has been chosen because 3-phase windings are 
very frequently used for drive applications. Other phase num 
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bers are possible as well. Such as 2, 5, and higher number of 
phases. For this example, the pole numbers p=8 and p 4 
have been chosen. Other pole number combinations are also 
feasible. All analytical and experimental results are based on 
a reduction of the number of series turns from NoN to 
N=N/2. Other reductions of the series turns, for instance 
N=N/3, are also possible. 

Phase Belt Connections 

The machine includes a plurality of phase belts, each 
wrapped around one or more teeth of the stator. The phase belt 
inductance can be altered in one of two ways: by changing the 
connections between coils in a phase belt from series to 
parallel, or vice versa; or by changing the connections 
between phase belts in a given phase from series to parallel, or 
Vice versa. Changing the connections between coils in a phase 
belt from series to parallel is equivalent to changing the num 
ber of turns in a phase belt from a first number of turns No to 
a second and lower number of turns N. 
As described earlier, preferably two or more phase belts 

can form poles. The number of poles, like the number of turns 
(phase belt inductance), can also be electronically switched. 
The configuration for a first number of poles can be defined as 
p, and the configuration for a second number of poles can be 
defined as p. In an embodiment, the number of poles can be 
changed by Switching the connections between phase belts 
from series to parallel connections, or vise versa. There are 
multiple ways to make such a change, but a particularly 
efficient way to do so (using the fewest Switches) is to change 
the pole configurations from delta (A), to double wye (Y). 

The reduction of the number of series turns from NoN 
to N can be performed in several ways, three versions of 
which are described below. For Version 2, experimental data 
are included. 

FIG. 12 illustrates two 3-phase stator winding diagrams for 
an embodiment of the p-pole configuration, delta (A), and 
the p-pole configuration, double wye (Y). 

FIG. 13 illustrates an embodiment of a p pole configura 
tion (N, 8-pole, A). FIG. 14 illustrates an embodiment of 
a p pole configuration (N, 4-pole, double Y). FIGS. 13. 
and 14 depict the winding diagrams for p=8-pole at No. and 
p 4 pole at No-N configurations, respectively. The 
p-pole configuration is implemented using a A connection 
and the p-pole uses a double Y connection. 

FIG. 15 illustrates terminal leads of phase belts for the 
embodiments illustrated in FIGS. 13 and 14. These leads must 
then be connected to the Switching board (control system) so 
that they can be switched by a controller. The controller may 
be connected to an application specific integrated circuit 
(ASIC) representing the switches as described below. 

FIG. 16 illustrates a 3-phase current diagram with a rotat 
ing time axis. FIG. 17 illustrates a plot of magneto-motive 
force (“MMF) for the FIG. 13 winding configuration. FIG. 
18 illustrates a plot of MMF for the FIG. 14 winding configu 
ration. In addition, a position encoder may be attached to the 
shaft of the machine—or the speed can be obtained based on 
computations—in order to implement closed-loop control; 
for open-loop control Such an encoder is not required. 

FIG. 19 illustrates a first view of a first embodiment of a 
winding configuration. The 3-phase stator winding includes 
the switches required to achieve a reduction of the number of 
series turns from N N to NN/2 for Version 1. 

FIG. 20 illustrates a second view of the winding configu 
ration illustrated in FIG. 19. FIG. 20 illustrates the complete 
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16 
winding and Switch diagram for Version 1 including the 
Switches for changing the number of poles and the number of 
turns. 

Correspondingly, FIG.21 illustrates a first view of a second 
embodiment of a winding configuration. The diagram of the 
3-phase stator winding includes the Switches required to 
achieve a reduction of the number of series turns from 
NN, to N, N/2 for Version 2. 

FIG. 22 illustrates a second view of the winding configu 
ration illustrated in FIG. 21. 

FIGS. 23, 24, and 25 depict the stator winding diagrams of 
the three phases including the Switches required to achieve a 
reduction of the number of series turns from NN, to 
N=N/2 for Version 3. FIG. 23 illustrates phase A of a 
third embodiment of a winding configuration. FIG. 24 illus 
trates phase B of the third embodiment of a winding configu 
ration. FIG. 25 illustrates phase C of the third embodiment of 
a winding configuration. 

In order to implement the switches, relay or electronic 
switches can be employed. For Version 2 a total of 10 relays 
are used: 7 of them have 3 NO (normally open) and 3 NC 
(normally closed) contacts and the remaining 3 relays have 2 
NO and 4NC contacts. Note, that not all contacts are used: for 
Version 2, Table 1 lists the number and types of contacts for 
the implementation of the winding changes, that is, Switcho 
ver from p to p poles and the reduction of the number of 
series turns per phase from NoN to N, N/2. Switch 
group refers to the number shown next to each switch in FIG. 
22 representing Version 2. Table 1 indicates that for Version 2 
21 NO and 30 NC contacts are required. Similar consider 
ations apply to Versions 1 and 3. Version 2 is the most general 
and flexible approach, but it requires the most switches. Ver 
sion3 requires the least amount of Switches: in this latter case 
the series connection of (two) phase belts of each phase is 
reconfigured from series connection to parallel connection. 

TABLE 1 

Winding switches required for Version 2, FIG. 22 

p1 = 8 poles, p2 = 4 poles, p2 = 4-poles, 
Switch Group No No N = No.2 

1 (6 NC, normally closed) Oil Off Off 
2 (9 NO, normally open) Off Oil Oil 
3 (24 NC, normally closed) Off Off Oil 
4 (12 NO, normally open) Oil Oil Off 

Converter (Inverter/Rectifier) Design 

The converter may fulfill at least the following two func 
tions: (1) inverter operation during starting acceleration (mo 
toring), and (2) rectifier operation during regenerative brak 
ing as the poly-phase machine functions as an alternator 
feeding DC power to the battery or power source. 

In addition, the converter may provide for both (motoring, 
generation) operating regimes reactive power to the poly 
phase machine in order to Supply its magnetizing current So 
that the appropriate flux can be established within the 
machine. Alternatively, the induction generator can be 
excited by a capacitor bank. 
The required specifications of the converter operated as an 

inverter are as follows: 
Input DC Voltage: V, 
Frequency range: fos?es?, 
Current at low frequency f. multiple times the rated 

current per phase (maximum current). 
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Output Voltage: as high as possible for given input Voltage 
Vido 

Power factor: lagging power factor cos(d) from 0 to 1.0. 
Maximum current limitation to limit current spikes during 

switching of number of turns N. 
The required specification of the converter operated as a 

rectifier is as follows: 
Output Voltage: V, at multiple times I alterator-rated 

Controller Design 

The controller in accordance with this disclosure prefer 
ably may be designed so that a successful start-up from Zero 
speed to multiple times the base speed can occur during a few 
seconds. The controller may be configured to do the following 
at a constant output Voltage, V., of the inverter: (1) 
change the frequency of the inverter from f to f when 
operating at speeds below (at p and N.) and including 
characteristic 1 at N.; (2) provide the Switching signals for 
Switching the stator phase belts from a p-pole configuration 
to ap-pole configuration at f-f and rated V (or 
reduced) output voltage of the inverter. As a result the motor 
operates on natural characteristic 2 at f-f at N, (3) 
initiate the Switching signal So that the number of series turns 
per phase belts can be reduced and change the frequency at 
constant output voltage of the inverter V-rated from 
f to f-f resulting in (V/f(N1/N,)) control so 
that natural characteristic 3 can be reached at f>f; (4) 
change the frequency at constant output Voltage of the 
inverter V, from ff to f being a multiple of 
f, resulting in (V/f N) control so that natural charac 
teristic 4 can be reached at f being a multiple of f.; (5) 
provide gating signals so that the PWM inverter can be used 
as a PWM rectifier feeding current into the battery or power 
Source at V, during regenerative braking, and at the same 
time provide the magnetizing current of the (e.g., induction) 
machine. Alternatively, the induction generator can be 
excited by a capacitor bank. To limit the charging current to 
the battery or power source, the output voltage of the alterna 
tor must be adjustable (e.g., either increased or decreased) so 
that the battery/power source lifetime will not be reduced by 
charging with a too-large current; (6) either provide Switching 
signals for current Snubbers so that the Switching spikes of the 
currents can be limited and the inverter rating must therefore 
not be increased to accommodate the spikes or alternatively 
limit the maximum inverter output current so that no current 
spikes can occur during Switching of the number of turns. 

Experimental Verification 

In most electric machines the torque is about proportional 
to the square of the rotor current I. As an experimental veri 
fication of the reduction of the number of series turns N. 
the starting torque and the line current were measured. At low 
saturation there exists about a square relationship between 
starting torque and the starting current, that is, 
T-constant. If, however, at high Saturation this rela 
tionship is about linear, that is Tasconstant I. 

FIG. 26 is an oscilloscope readout showing current versus 
time, and created by the winding configuration illustrated in 
FIGS.21 and 22. The start-up currents from Zero to maximum 
speed are depicted for different conditions in FIGS. 27 to 29. 
FIG. 27 is an expanded view of the startup region of the 
oscilloscope readout of FIG. 26. In this region there is no pole 
changing or number of turns changing. It merely shows the 
high torque that can be achieved by using a high number of 
poles during startup (at low speeds). 
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FIG. 28 is an oscilloscope readout showing the startup 

region, and the Switch from N to N occurring many seconds 
after the Switch from p to p. At about 3.5 seconds a transient 
current spike shows the timing of the pole configuration 
change from p to p. About 4.3 seconds after the pole change, 
the number of turns is decreased from N to N. During this 
4.3 second region, torque is decreasing since the machine 
suffers from flux weakening or (V/f) control in this region 
(after the pole switch but before the number of turns 
decrease). To avoid this flux weakening region, the time 
between pole Switching and number of turns decrease can be 
minimized. 

FIG. 29 is an oscilloscope readout showing the startup 
region, and the Switch from N to N occurring around one 
second after the Switch from p to p. In this example, the time 
between the pole switch and the number of turns decrease is 
much shorter than that illustrated in FIG. 28. As a result, the 
torque is returned to a higher value quicker flux weakening 
comes into play for a shorter period of time. The reduction of 
the number of turns occurs 1.0 second after the switchover 
from p to p, in this case the current spike due to the reduc 
tion of the number of turns is larger. Ideally the number of 
turns would be decreased right after the pole configuration 
change in order to avoid any flux weakening region. However, 
it was found that if the timing between the pole change and 
decrease in the number of turns was less than about one 
second, the machine would saturate, thus decreasing the 
machine’s efficiency. There is also the potential for perma 
nent damage. Thus, for now the minimum timing between 
pole change and the decrease in the number of windings is 
around one second, but this is not a limiting factor. In the 
future means will likely be found to allow a shorter (in terms 
of seconds) flux weakening region between the pole change 
and decrease in the number of turns, such that saturation is 
avoided. 
From FIG. 29 one concludes that the starting current (or 

torque) corresponds to about 3 units while the maximum 
current (or torque) at maximum speed with N=N/2 cor 
responds to 1 unit. Comparing this to the operation with p 
and N, where the maximum current (or torque) at maxi 
mum speed is 0.25 units—one finds that the reduction of the 
number of turns by a factor of 2 increases the maximum 
current (or torque) by a factor of at least 3, assuming a pro 
portionality between torque T and current I. To minimize the 
inverter power/current rating the current spikes can be either 
Suppressed by current Snubbers or the maximum inverter 
output current can be limited via inverter design. This Sup 
pression is not shown in the oscillograms of FIGS. 26-29. 
FIG.30 is an oscilloscope readout showing voltage versus 

time for a generator (upper trace) and a rectifier (lower trace), 
and created by the winding configuration illustrated in FIGS. 
21 and 22. 

Advantages of the Disclosure 

Throughout this specification, exemplary embodiments 
have been described and illustrated. The two key concepts to 
achieve this performance (increase in speed and torque) are: 
(1) Switching (using relays or electronic Switches) of the 
stator number of poles from p to p, and (2) switching (using 
relays or electronic switches) of the number of series turns in 
each phase belt. These two concepts can be either separately 
or jointly implemented in a variable-speed drive in accor 
dance with the present disclosure. In accordance with the 
present disclosure, many improvements in machine construc 
tion and operation may be realized. 
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These may include the possibility of designing a poly 
phase electric machine capable of delivering starting torque 
within the range (5-11):T. The lower range (5:T) can 
be obtained, for example, with standard-type (e.g., Squirrel 
cage induction) machines and the upper range (11 T) is 
obtained with machine designs having reduced Stator resis 
tance and leakage inductances. In the case of an induction 
machine a double-squirrel cage rotor winding may improve 
the dynamic performance during Switching of the number of 
turns. 

(V./f) control, at steady-state and while above the base 
speed, generates no more than rated output power (or torque). 
In contrast, (V, fN) control, at steady-state and while 
above the base speed, generates greater-than-rated output 
power (e.g., twice the output power at two times the rated 
speed). This is accomplished via reducing the number of 
series turns N in each phase belt. (V.Af) control variable 
speed drives, at steady-state, can generate a power density per 
unit weight of 3 kW/(kg-force). In contrast, (V,ff'N) con 
trol, at steady-state, can generate a power density per unit 
weight of up to 5-6 kW/(kg-force). 

While with (V/f) control the maximum obtainable 
speed is about 3 times the base speed, with (V,p/f N) 
control about 4 times the rated speed, and about 6-8 times the 
base speed can be obtained. This speed increase may make 
mechanical gears obsolete and thus reduce vehicle weight, 
cost of production, and cost of maintenance. 

Higher torque at lower speed is obtained through increas 
ing flux-density above its rated value. This process is also 
known as flux strengthening. Increased torque at higher speed 
is obtained through compensation of flux weakening. 
Increased torque at high speed can improve the power output 
by a factor of two and lead to the power density of 5-6 
kW/(kg-force). 
The (V,p/f N) control appears to be suitable for hybrid/ 

electric propulsion applications because the reduction in the 
number of turns N for each phase belt is equivalent to an 
increase of the applied Voltage V, without actually 
increasing the Voltage of the power Supply (e.g., battery, DC 
capacitors). This is advantageous for vehicle applications 
where the battery voltage is limited to, say 300V, because of 
safety considerations. For example, although the electric 
machine is supplied with 300V, only, it behaves like a 
machine fed by 600V, resulting in larger (e.g., two times) 
output power per unit of weight measured in kW/(kg-force). 

Despite vehicle battery voltages often being limited to 
300V, (for safety), the (V-p/N-f) control leads to a motor 
line-to-line Voltage of V equal to 184V,. A speed 
range of 0 to 6,000 rpm can be achieved via the resulting 
output power/torque characteristics of the machine under 
(V-p/N-f) control. In contrast, conventional (V/f) control can 
only achieve this speed range if a V of 368 V, is 
used. This voltage requires a DC-DC converter to convert the 
conventional 300V, battery Voltage into a 600V. Voltage 
(required to reach the V of 368 V, ). The converter 
increases total weight and increases the losses by at least 
about 4%. The mechanical gears required to produce the 
required starting torque further increase the drive train 
weight. 

Inverter Switches (conducting in reverse direction) or a 
separate diode bridge together with AC capacitors can be 
employed to operate the electric (induction) machine as a 
generator Supplying regenerated energy to battery or DC 
capacitors. Thus the (e.g., induction) machine operating as a 
generator can either be excited via the PWM inverter from the 
battery or via AC capacitors. 
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For automobiles with internal combustion engine only, the 

starter and the generator can be integrated in one machine. 
The application of (V/f N) control where Vs V, to 

wind power plants permits a simplification of the blade-pitch 
control of the wind turbine because as the speed of the wind 
turbine increases the torque of the generator can be increased, 
and the turbine can be operated at any speed—except the 
maximum speed where feathering or shut down occurs— 
understalled conditions. 
To summarize, this disclosure allows (V-p/f N) control 

over an electric machine capable of the following: (1) pro 
ducing programmable torque-speed characteristics with 
increased torques below and above rated speed (5-11 times 
the rated torque, and at least twice the rated torque, respec 
tively) through flux reinforcement and compensation of flux 
weakening; (2) generating a range of 0 to 6-8 times base speed 
(at least twice that of state-of-the-art drives); (3) generating at 
least twice the output power (5-6 kW/kg-force) as state-of 
the-art drives; (4) using half the battery voltage (300V), 
which is much safer than the 600V of (V/f) control for the 
speed range of (2); and (5) resulting in higher efficiency and 
less weight because there is no need for a DC-DC boost 
converter or mechanical gears. 

While various embodiments of the present invention have 
been described in detail, it is apparent that modifications and 
adaptations of those embodiments will occur to those skilled 
in the art. For example, while the instant disclosure has been 
described interms of the p stator winding being connected in 
A and the p pole stator winding in double Y, other configu 
rations are also possible. Where p is configured in A and the 
p2 in double Y. (P1-es)/(P2-res) is less than 1 and its 
torque ratio is larger than 1. However, for hybrid/electric 
drives where a large torque is preferred at low speed, the p 
pole stator winding may be connected in double Y and the p 
pole stator winding may be connected in A. In that case the 
power ratio, (P1-es)/(P2-res), is about 1 and its torque 
ratio is about 2. Alternatively, a configuration where torque or 
output power increases with angular Velocity, (), Suitable for 
wind power plants, the p pole stator winding may be con 
nected in Y and the p pole stator winding may be connected 
in double Y. This results in a power ratio (P)/ 
(P2), which is about one half, and which has a torque 
ratio about one. It should be expressly understood that such 
modifications and adaptations are within the spirit and scope 
of the present invention. 

What is claimed is: 
1. A multiphase inductance-changing and pole-changing 

electric machine operable at above rated parameters compris 
1ng: 

a stator having a plurality of phase belts, wherein each 
phase belt comprises two or more coils, and wherein 
each of the two or more coils in a phase belt are initially 
connected in series; 

a rotor driven by currents in the stator; and 
a control system connected to the plurality of phase belts 

and configured to: 
(a) apply an alternating current to the plurality of phase 

belts at a first time and at a frequency equal to a first 
frequency, wherein the first frequency is below a rated 
frequency; 

(b) increase the frequency to a second frequency during 
a time period spanning the first time and a second 
time; 

(c) decrease a number of poles at a third time; and 
(d) increase the frequency to a third frequency during a 

time period spanning a fourth time and a fifth time. 
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2. The machine according to claim 1 wherein the control 
system is further configured to: 

(e) decrease the inductance of the plurality of phase belts at 
a sixth time. 

3. The machine of claim 1, whereinto decrease the number 
of poles, the series connections between phase belts are 
switched to parallel connections. 

4. The machine of claim 1, wherein the time period span 
ning the fourth and fifth time periods is minimized without 
saturating the machine. 

5. The machine of claim 2, wherein to decrease the induc 
tance of the plurality of phase belts, the series connections 
between the two or more coils in the phase belts are switched 
to parallel connections. 

6. The machine of claim 2, wherein to decrease the induc 
tance of the plurality of phase belts, the series connections 
between the phase belts in a phase are switched to parallel 
connections. 

7. The machine of claim 1, wherein the phase belts are 
initially connected in a delta configuration, and wherein to 
decrease the number of poles, the delta configuration is 
Switched to a double wye configuration. 

8. The machine of claim 1, wherein the phase belts are 
initially connected in a double wye configuration, and 
wherein to decrease the number of poles, the double wye 
configuration is switched to a delta configuration. 

9. The machine of claim 1, wherein the phase belts are 
initially connected in a wye configuration, and wherein to 
decrease the number of poles, the wye configuration is 
switched to a double wye configuration. 

10. The machine according to claim 1, wherein the second 
frequency equals the rated frequency. 

11. The machine according to claim 1, wherein the second 
time equals the third time. 

12. The machine according to claim 2, wherein the fifth 
time equals the sixth time. 

13. A multiphase inductance-changing and pole-changing 
electric machine operable at above rated parameters compris 
1ng: 

a stator having a plurality of phase belts, wherein each 
phase belt comprises two or more coils, and wherein 
each of the two or more coils in a phase belt are initially 
connected in series; 

5 

10 

25 

30 

35 

40 

22 
a rotor driven by currents in the stator; and 
a control system connected to the plurality of phase belts 

and configured to: 
(a) increase frequency of an alternating current applied 

to the plurality of phase belts during a first time 
period; 

(b) decrease a number of poles in the stator at a second 
time; 

(c) further increase the frequency of the alternating cur 
rent applied to the plurality of phase belts during a 
second time period; and 

(d) decrease an inductance of the plurality of phase belts 
at a third time. 

14. The machine of claim 13 wherein the control system is 
5 further configured to: 

(e) further increase the frequency of the alternating current 
applied to the plurality of phase belts during a third time 
period. 

15. The machine of claim 13, wherein the second time 
period follows the second time. 

16. The machine of claim 14, wherein the third time period 
follows the third time. 

17. A method of operating an alternating current machine 
at above rated parameters, the method comprising: 

(a) increasing frequency of an alternating current applied 
to a plurality of stator phase belts during a first time 
period; 

(b) decreasing the number of poles in the stator at a second 
time; 

(c) further increasing the frequency of the alternating cur 
rent applied to the plurality of stator phase belts during a 
Second time period; and 

(d) decreasing the inductance of the plurality of stator 
phase belts at a third time. 

18. The method of claim 17 further comprising: 
(e) further increasing the frequency of the alternating cur 

rent applied to the plurality of stator phase belts during a 
third time period. 

19. The method of claim 17, wherein the second time 
period follows the second time. 

20. The method of claim 17, wherein the third time period 
follows the third time. 

ck k k k k 
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